Abstract
INTRODUCTION
Perioperative stroke after cardiovascular surgery (CVS) remains a distressing complication, with an incidence of as high as 1-5% [1] . In recent years, the number of patients undergoing CVS who have obstructive carotid and/or intracranial artery disease (CIAD) has increased with increase in the number of aged patients undergoing CVS. Meanwhile, it is still incompletely understood whether all patients undergoing CVS should undergo preoperative screening for CIAD. Previously, we showed that (i) patients with moderate or less CIAD are at an extremely low risk of haemodynamic ischaemic stroke (HIS) during conventional CVS with non-pulsatile and mild hypothermic cardiopulmonary bypass (CPB); (ii) patients with severe or occlusive CIAD can undergo conventional CVS with non-pulsatile and mild hypothermic CPB, provided that cerebral perfusion reserve, determined by single-photon emission computed tomography (SPECT) with acetazolamide, is preserved and (iii) preoperative craniocervical intensive screening (IS) is a useful step to identify patients undergoing not only conventional CVS with non-pulsatile and mild hypothermic CPB but also open aortic arch surgery with brain protection at higher risk of HIS [2, 3] . On the basis of these findings, we strongly suggested that only patients with severe or occlusive CIAD should undergo SPECT with acetazolamide before CVS.
Meanwhile, Masabni et al. [4] showed that routine screening might not contribute to the prevention of perioperative stroke in patients undergoing elective coronary artery bypass grafting (CABG). In that study, routine carotid artery screening altered the management of a minority of patients undergoing CABG, and the severity of carotid artery stenosis had no impact on the occurrence of perioperative stroke. These findings are in line with our result that CIAD rarely affects the occurrence of HIS during CVS.
However, the criteria for making decisions concerning carotid intervention have been obscure, because individual surgeons have interpreted the available data differently. Conceivably, SPECT with acetazolamide may provide useful information that can assist in decision making about prophylactic intervention for obstructive CIAD.
To evaluate the efficacy of preoperative IS in patients undergoing elective CVS, we compared the surgical outcomes before and after the introduction of routine IS.
MATERIALS AND METHODS

Study population
This study was approved by our institutional review board, and the need for individual consent was waived (Figs 1 and 2) . Between November 2004 and December 2014, 1633 consecutive patients underwent heart and thoracic aortic surgery at our institute. From this cohort, we reviewed 1134 patients undergoing elective CVS, 1095 (97%) of whom prospectively underwent routine craniocervical screening for CVS. Carotid ultrasonography was generally performed as a part of routine preoperative diagnostics until December 2008. From January 2009, a morphological evaluation of major craniocervical arteries using carotid ultrasonography and/or magnetic resonance angiography (MRA) was performed proactively. Therefore, the 1134 patients were divided into 2 groups who had been treated before and after the introduction of routine IS: (i) 500 consecutive patients up to December 2008 (control group) and (ii) 634 consecutive patients from January 2009 (IS group). After the introduction of IS, a haemodynamic evaluation using SPECT with acetazolamide was performed to evaluate cerebral haemodynamics whenever moderate or greater stenosis of the major arteries was detected (n = 166, 99%) [2] . Of the 466 patients with no or mild CIAD, 203 (44%) patients also underwent SPECT with acetazolamide, at the discretion of the attending physician. Since January 2014, SPECT with acetazolamide has been performed only for patients with severe or occlusive CIAD, on the basis of our previous findings [2, 3] .
Preoperative craniocervical screening
Details of preoperative craniocervical screening have been published previously [2, 3] . Briefly, the degree of stenosis determined by carotid ultrasonography and MRA was calculated based on the method described in the European Carotid Surgery Trial [5] and the North American Symptomatic Carotid Endarterectomy Trial criteria [6] , respectively. The severity of CIAD was graded as no or mild (0-49%), moderate (50-69%) or severe (70-100%) [7] . All images were evaluated by a qualified radiologist or neurologist.
In SPECT with acetazolamide, the values of resting regional cerebral blood flow and regional cerebrovascular reactivity were rated as reduced when they were less than 34 ml/100 g/min and 10%, respectively [2, 3] . The impaired cerebral autoregulation was defined as an resting regional cerebral blood flow of <34 ml/ 100 g/min, with a cerebrovascular reactivity of <10% [2, 3] . 
Surgical procedures
All patients underwent surgery performed by 4 attending surgeons with a significant experience in CVS. The current 2 attending surgeons have been performing surgeries since October 2008. Patients undergoing emergent surgery and aortic arch surgery with brain protection were excluded, whereas patients undergoing aortic root surgery or ascending aortic replacement, without brain protection, were included. Other operative procedures in Table 2 include repair of congenital heart disease, resection of cardiac tumours, patch closure of sinus of Valsalva aneurysm, extensive pericardiotomy for constrictive pericarditis with CPB and repair of perivalvular leakage after aortic valve or mitral valve replacement.
Intraoperative screening of the ascending aorta and cardiopulmonary bypass in cardiovascular surgery Details of intraoperative strategy have been published previously [2] . Briefly, all patients underwent epiaortic ultrasonography to avoid and reduce macroembolization. The cannulation site for arterial line was selected based on the severity of atherosclerosis and/or calcification in the ascending aorta. Moreover, in patients with severe atherosclerotic disease in the ascending aorta undergoing isolated CABG, the conventional on-pump CABG was converted to off-pump CABG using in situ internal mammary arteries or right gastroepiploic artery (aorta no-touch method).
Regional cerebral oximetry was attached on the forehead bilaterally to estimate intraoperative ischaemia and cerebral oxygen desaturation during surgery. Mild hypothermic, non-pulsatile CPB was performed using a flow rate of 2.0-2.4 l/min/m 2 while maintaining mean arterial pressure between 50 mmHg and 60 mmHg. If patients had severe CIAD, mean arterial pressure of CPB was maintained greater than 70 mmHg. Carbon dioxide field flooding was used for the removal of intracardiac air during CPB. Moreover, elaborate cardiac deairing before termination of CPB was performed using transoesophageal echocardiography. These methods to prevent intraoperative stroke had been consistently performed during this study.
Definition of stroke and neurological dysfunction
Perioperative stroke, which was defined as 30-day outcome after CVS, was detected by diffusion-weighted magnetic resonance imaging or brain computed tomography. Intraoperative stroke was defined as symptoms observed at extubation, whereas postoperative stroke followed a symptom-free interval after extubation. Diagnosis of a neurological outcome event and judgement of the aetiology (embolic or haemodynamic cause) of perioperative stroke were made by a neurologist who was consulted for suspected signs or symptoms. Permanent neurological dysfunction was defined as the presence of deficits that persisted at discharge [8] . Meanwhile, transient neurological dysfunction was defined as loss of orientation, slurred language, agitation or poor response to commands [8] . 
Statistical analysis
The data were analysed using the statistical analysis system software JMP 12.0.1 (SAS institute Inc., Cray, NC, USA). Continuous variables are presented as mean ± standard deviation. Statistical analyses were performed with the v 2 test for categorical variables or the Mann-Whitney U-test for continuous variables. The Yates' v 2 test was applied for categorical analysis using a 2 Â 2 contingency table. We used multivariable logistic regression analysis to determine the risk factors associated with perioperative stroke (n = 20) and neurological dysfunction (n = 93). Categorical variables were associated with at least 5 events, and continuous variables were selected to investigate the risk factors of perioperative stroke and neurological dysfunction ( Table 2) . Clinically relevant variables with P-values of <0.25 on univariable analysis were added to the multivariable logistic regression model (Table 6, Supplementary  Tables S3 and S4 ). The predictive accuracy of our multivariable models was assessed using the concordance index c.
RESULTS
Overall summary of the patients data Figures 1 and 2 diagram the flow regarding craniocervical screening, its result, prophylactic cerebral interventions and stroke outcomes. Additionally, Table 1 lists the details of craniocervical screening. The preoperative patients' characteristics and intraoperative data for the entire cohort are listed in Table 2 . Compared with the control group, patients in the IS group had significantly more octogenarian (P = 0.003) and more severe CIAD (P < 0.001). Moreover, the IS group had significantly shorter aortic cross-clamping time (P = 0.030) and significantly longer operation time (P < 0.001). Of the 141 patients with severe CIAD, 122 (87%) patients underwent preoperative MRA and 49 (35%) patients had intracranial cerebral atherosclerosis. Table 3 lists the morphological findings with carotid ultrasonography or MRA in the patients with severe CIAD. We found 162 craniocervical arteries with severe atherosclerosis. (Figs 1 and 2) . Seven of 9 patients undergoing prophylactic interventions underwent procedures to prevent perioperative embolization due to plaque rupture. Two patients (1 in the control group and 1 in the IS group) undergoing SPECT with acetazolamide had impaired cerebral autoregulation. Despite the improvement of impaired cerebral autoregulation due to prophylactic intervention (STA-MCA bypass), the patient in the control group had intraoperative HIS due to haemodynamic disturbances during grafting to the circumflex artery in off-pump CABG. The patient underwent the conversion to conventional on-pump CABG. In view of the present diagnostic criteria about impaired cerebral autoregulation, this patient was able to undergo on-pump CABG. Meanwhile, the patient in the IS group underwent prophylactic STA-MCA bypass 1 month before CABG. Subsequently, the patient underwent conventional on-pump CABG, without experiencing perioperative stroke [2] . Table 4 lists the postoperative neurological complications and in-hospital mortality, whereas Table 5 presents the details of perioperative stroke location and CIAD in this study. In-hospital mortality was comparable between the control group and the IS group. Twenty patients in total (1.8%) had perioperative stroke. The occurrences of perioperative stroke, intraoperative stroke and permanent neurological dysfunction were significantly fewer in the IS group than in the control group. A total of 6 (30%) patients with perioperative stroke had severe CIAD. All the perioperative strokes in patients with moderate-or-severe CIAD were ipsilateral. The aetiology of stroke was haemodynamic in 1 patient (control group) and embolic in 19 patients (13 in the control group and 6 in the IS group). Seven patients had cardiogenic cerebral embolism following postoperative atrial fibrillation (5 in the control group and 2 in the IS group). None of 20 patients with perioperative stroke had severe atherosclerosis in ascending aorta. Two patients (patients 13 and 18; Table 5 ) had perioperative stroke associated with CIAD. In multivariable analysis of perioperative stroke, being in the control group, octogenarian and having severe CIAD were significant factors for perioperative stroke. Moreover, being in the control group, octogenarian, male, cigarette smoker and advanced renal dysfunction were significant determinants of neurological dysfunction in multivariable analysis (Table 6 ).
Surgical outcomes
DISCUSSION
The major findings from this study were as follows: (i) the IS system reduced perioperative stroke notably compared with carotid artery screening alone and (ii) in patients with an intact cerebral perfusion reserve, determined by SPECT with acetazolamide in patients with obstructive CIAD, prophylactic carotid or cerebral intervention to prevent HIS is very likely to be unnecessary. The management of concurrent severe CIAD and heart disease is a subject of ongoing debate in the absence of randomized 14 (9) 103 (63) 21 (13) 2 (1) 22 (14) CCA: common carotid artery; CIAD: carotid and/or intracranial artery disease; ICA: internal carotid artery; MCA: middle cerebral artery; MRA: magnetic resonance angiography, PCA: posterior cerebral artery; VA: vertebral artery. clinical trials. Carotid ultrasonography or MRA is used to define narrowed or occlusive CIAD. Meanwhile, SPECT with acetazolamide is used to evaluate cerebral haemodynamics by quantitatively determining regional cerebral blood flow and cerebral vasoreactivity. However, there are no distinct criteria based on the anatomical lesions or cerebral haemodynamics for carotid or cerebral revascularization in patients with severe CIAD undergoing CVS.
Cerebral blood flow is stably maintained over a wide range of cerebral perfusion pressures by the mechanism of cerebral autoregulation [9] . However, in patients with occlusive CIAD, a chronic reduction in cerebral perfusion pressure increases the risk of cerebral ischaemic damage [10] . In particular, impaired haemodynamic autoregulation, as indicated by increased oxygen extraction fraction (i.e. misery perfusion), is a risk factor for subsequent HIS in obstructive CIAD [10] . SPECT with acetazolamide is useful for evaluating cerebral perfusion reserve by quantitatively determining regional cerebral blood flow and the cerebrovascular compromise. With the injection of acetazolamide, perfusion is increased in areas where the cerebral perfusion reserve is preserved, whereas areas with decreased cerebral perfusion reserve show no increase or decrease in perfusion because of the intracerebral steal phenomenon [11] . Reduced regional cerebral blood flow (<80% of normal cerebral blood flow) and reduced regional cerebral reactivity (<10% of regional cerebral reactivity) are diagnosed as having impaired cerebral perfusion reserve (misery perfusion) [11] . In patients with misery perfusion, excessive falls in blood pressure and systemic haemodynamic disturbances, such as dehydration or heart failure, entail a high risk of HIS [12] . Meanwhile, it has not been well documented whether SPECT with acetazolamide can detect haemodynamic compromise under the non-physiological conditions that occur during CPB (i.e. non-pulsatile flow, mild hypothermia, hypotension and haemodilution) as well as under physiological conditions (i.e. pulsatile flow, normothermia and non-haemodilution). In our previous study and this study, we have reported that (i) almost all patients with obstructive CIAD undergoing CVS have intact cerebral autoregulation and (ii) that SPECT with acetazolamide is a very good tool for evaluating the risk of HIS under non-physiological conditions during CPB as well as under physiological conditions. Besides its haemodynamic aetiology, perioperative stroke has been attributed to multiple aetiologies. A significant potential cause of embolic stroke is the result of aortic manipulation, such as aortic cannulation or aortic clamping, and the sandblasting effect of flow through the aortic cannula against the aortic wall [13] . In this study, the site of cross-clamping was decided based on the inspection of ascending aorta using intraoperative epiaortic ultrasonography. Moreover, if the ascending aorta had diseased atherosclerotic lesions, the cannulation site of ascending aorta was changed to right axillary artery. Because the intraoperative strategy to prevent perioperative stroke had been consistent in this study, the reduction of perioperative stroke is probably attributable to the introduction of IS. Because the enrolment of patients undergoing preoperative IS was conducted separately and later than the enrolment of patients in the control group, the surgical and anaesthesiological improvement might be responsible for some of the improved outcomes. In propensity score matching, the only superiority in the IS group compared with the control group was the occurrence of transient neurological dysfunction (see Supplementary Material, Method and Tables S1  and S2 ). This finding suggests that differences in operative strategy or the surgical skill of the attending surgeons had no impact on the surgical outcomes in this study. However, a randomized clinical trial is needed to determine the efficacy of preoperative screening for CIAD in patients undergoing CVS.
Is screening with carotid ultrasonography alone sufficient to prevent stroke in CVS? Intracranial atherosclerosis has been reported to be linked to the probability of postoperative stroke in CVS [14] . Moreover, intracranial atherosclerosis is known to be more common in Blacks and Asians than in Whites [15] . However, little information is available on the relationship between haemodynamic compromise and stroke risk in patients with major intracranial arterial occlusive disease in CVS. In this study, the occurrence of perioperative stroke in patients with no or mild CIAD in the control group was significantly more than that in the IS group. It is likely that preoperative screening in the control group overlooked the existence of intracranial artery disease. Therefore, not only extracranial atherosclerosis but also intracranial atherosclerosis should be evaluated preoperatively in patients undergoing CVS. Moreover, because carotid ultrasonography or MRA can never evaluate cerebral haemodynamics, patients with severe or occlusive CIAD should undergo SPECT with acetazolamide.
In Japan, neurology-related societies recently recommended that number of patients undergoing SPECT with acetazolamide should be limited because of the serious adverse effects of acetazolamide, such as congestive heart failure or acute pulmonary oedema. Moreover, little is known regarding the frequency or the mechanism of these adverse effects after an acetazolamide challenge. Acetazolamide challenge might become unavailable in Japan. Meanwhile, positron emission tomography, which is the gold standard for the evaluation of cerebral haemodynamics, is not popular because it is more expensive. Technological innovation for the evaluation of cerebral haemodynamics without an acetazolamide challenge would be desirable.
Limitations
This study has several limitations. First, a potential weakness is that our study population was a homogeneous population from a single centre, which may limit the generalization of our findings. Second, the exclusion of patients undergoing aortic arch surgery requiring brain protection might raise issues of selection bias. However, temperature and duration of circulatory arrest are determinants of the amount of brain damage [16] . Moreover, the protecting effects vary by the types of brain protection (hypothermic circulatory arrest, retrograde cerebral perfusion or antegrade cerebral perfusion) [16] . Therefore, we enrolled patients undergoing CVS using non-pulsatile and mild hypothermic CPB. Third, the number of patients with severe CIAD before the introduction of IS may be underestimated, leading to insufficient intracranial atherosclerotic evaluation in this study.
CONCLUSIONS
The occurrence of perioperative stroke decreased following the introduction of IS. IS may be able to detect patients who have a risk of perioperative stroke. However, further studies are needed to construct a more appropriate screening algorithm, because IS including SPECT is an expensive procedure.
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